Antimicrobial metabolites produced by Trichoderma koningii SMF2 exhibited antimicrobial activity against a range of Gram-positive bacterial and fungal phytopathogens. Purification of these metabolites was achieved using combinations of gel filtration and high-performance liquid chromatography. Identified by liquid chromatography electrospray ionization tandem mass spectrometry, the active metabolites proved to be three known peptaibols: Trichokonin VI, VII and VIII. The Trichokonins were stable and remained biological active over a wide pH range and at every temperature tested, showing no loss of activity even after autoclaving. Trichokonins were insensitive to proteolytic enzymes. Trichokonin VI takes on typical helical structure and the structure changes only slightly at different temperatures and pH values. The present study presented the potential of Trichokonins to be used as biological control agents.
Introduction
Trichoderma spp. are free-living fungi that are highly interactive in root, soil and foliar environments. They have been shown to act, and are commercially applied as biological control agents (BCAs) against fungal pathogens (Kubicek et al., 2001; Harman et al., 2004) . The most common BCAs of the Trichoderma genus are strains of Trichoderma harzianum, Trichoderma virens and Trichoderma viride, which have been studied extensively. Several studies described the use of Trichoderma koningii as effective BCAs against plant diseases caused by Pyrenophora tritici-repentis, Sclerotium cepivorum and Sclerotinia sclerotiorum (Metcalf & Wilson, 2001; Escande et al., 2002; Perelló et al., 2003) . It has been demonstrated that T. koningii strain Tr5 did not invade healthy tissue nor did it kill seedlings, but it colonized infected or damaged onion root tissue as a secondary colonizer (Metcalf & Wilson, 2001 ). However, the knowledge of biological control properties of T. koningii is still insufficient. Strains of Trichoderma can act as BCAs through mycoparasitism, substrate competition, antibiosis, production of cell walldegrading enzymes (CWDEs), promotion of plant growth and induction of resistance in plants (Howell, 2003; Benitez et al., 2004) . Different mechanisms can act synergistically to control the development of plant diseases. Although the mechanisms used by Trichoderma spp. against fungal phytopathogens was studied extensively, especially production of CWDEs and plant growth promotion, the mechanism of antibiotics is still insufficiently established.
Trichoderma spp. can produce different antibiotics against fungal phytopathogens. Among these antibiotics, the production of gliovirin, gliotoxin, viridin, pyrones, peptaibols and others have been described (Vey et al., 2001) . Gliovirin from P strains of T. virens was active against P. ultimum, gliotoxin from Q strains of T. virens was very active against Rhizoctonia solani (Howell, 1999) . Peptaibols are nonribosomally synthesized antimicrobial peptides that are produced by soil fungi, which exhibit antibacterial and antifungal properties. These types of peptides, represented by alamethicin (Reusser, 1967) , are characterized by the presence of an unusual amino acid [a-aminoisobutyric acid (Aib)], a C-terminal hydroxylated amino acid and a Nterminal acetylated amino acid (Landreau et al., 2002) . To date, 309 peptaibols have been sequenced, among them more than 180 are synthesized by Trichoderma. Peptaibols Trichorzianine A1 and B1 from T. harzianum could inhibit the spore germination as well as hyphal elongation of plant pathogenic fungi (Goulard et al., 1995; Lee et al., 1999) , and there was a synergistic interaction between hydrolytic enzymes and peptaibols (Schirmbock et al., 1994) . Several other studies described the use of peptaibols to inhibit the growth of fungal pathogens, to trigger a defense response or to reduce the susceptibility of plant to pathogens (Yun et al., 2000; Engelberth et al., 2001 ). An extensive review on peptaibols was provided by Szekeres et al. (2005) . However, information on the activity spectrum against phytopathogens and stability of these peptaibols are very scarce. Trichoderma koningii SMF2 exhibited a strong antagonistic effect against Gram-positive bacterial and fungal phytopathogens. The objective of this study was to characterize these substances produced by T. koningii SMF2. 
Materials and methods

Microorganisms and culture conditions
Extraction, isolation and purification of antimicrobial metabolites
Trichoderma koningii SMF2 were grown for 4 days at 28 1C in solid medium (10 g dry wheat bran with 45% moisture content). The solid culture mass was extracted with sterile distilled water. After filtration, the aqueous filtrates were centrifuged at 10 000 g for 20 min. To isolate the antimicrobial metabolites, the supernatant of T. koningii SMF2 as crude extract was subjected to gel filtration on Pharmadex LH 20 column with distilled water as eluent. The active fractions were partially purified Trichokonins and were then loaded on a C 18 reverse phase high-performance liquid column (Thermo Hypersil GOLD, 5 mm, 4.6 Â 250 mm) on a period of 50 min. The solvent system was MeOH-H 2 O (82 : 18) with a flow rate of 1 mL min
À1
. Each component was collected, concentrated and tested for antimicrobial activity.
To prepare Trichokonin VI, preparative high-performance liquid chromatography (HPLC) on a preparative Shim-Pack PREP-ODS column (46 Â 250 mm) with a SHIMADZU LC-10A Liquid Chromatograph coupled to an SPD-10AvpUV detector was used. The solvent system was as above, the flow rate was 7 mL min
, and the absorption was measured at 214 nm. The active fraction was collected, concentrated and lyophilized for circular dichroism (CD) spectra study.
Identification of Trichokonins by liquid chromatography electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS)
Fractions showing antimicrobial activity were identified with a Triple Quadrupole spectrometer (PE SCIEX API 3000 LC/MS/ MS systems) on a Shim-Pack VP-ODS column (150 Â 4.6 mm) with elution of a MeOH-H 2 O solution (82 : 18).
Antimicrobial activity assay
Antimicrobial activity was detected by the agar disk diffusion assay against a standard indicator strain B. subtilis CGMCC1.140. Briefly, 5 mL of soft agar (0.7%) containing 10 7 cells of the indicator strain were overlaid on a LB medium in Petri dish. An aliquot of 100 mL sample was applied to the commercial Oxoid susceptibility disk on overlaid plates, which were then incubated at the optimal temperature of the test organism. The titer of the antimicrobial substance was determined by the serial twofold dilution method. One activity unit (AU) is defined as the quantity present in the 100 mL sample of the last dilution which gives a zone of inhibition.
Evaluation of the antimicrobial spectrum of Trichokonins
The partially purified Trichokonins were dissolved in distilled water to 320 AU mL À1 and their antimicrobial activity was determined against several bacteria and fungi. All strains used as indicator had been previously subcultured in their appropriate medium at the corresponding optimum temperature. The evaluation method was similar to that of antimicrobial activity assay. The appearance of the inhibition zone was determined after 12 h (24 h for filamentous fungi) of incubation with the appropriate medium and at appropriate temperature.
Effect of different treatments on Trichokonins
To determine the effect of temperature on antimicrobial activity of Trichokonins, the partially purified Trichokonins were dissolved in 10 mM sodium phosphate buffer (pH 7.0) to a final concentration of 1600 AU mL À1 , then heated at 50, 70, 90 or 100 1C for 30 min, or 121 1C for 15 min. The Trichokonins solution was also stored at 4 1C for 10 days, À 20 1C for 30 days and lyophilized.
To evaluate the effect of pH on antimicrobial activity of Trichokonins, they were dissolved in the broad range pH buffer ranging from 3.0 to 10.0 to a final concentration of 1600 AU mL À1 and treated for 30 min. Then the pH of the solution was adjusted to 7.0 before antimicrobial activity of the Trichokonins was assayed. To evaluate the effect of different proteases on antimicrobial activity of Trichokonins, the partially purified Trichokonins solution (1600 AU mL À1 ) was treated with trypsin (Sigma), neutral protease (Novozymes, Denmark), basic protease (Novozymes) and multiplex protease (Novozymes) at the concentration of 1 mg mL À1 , respectively. After incubation at 37 1C for 90 min, the mixture was heated at 100 1C for 3 min to inactive the enzymes.
The residual activity of all treated samples was determined by the serial dilution method, and untreated samples were used as the control.
CD spectra
CD spectra were recorded with a JASCO J-810 spectropolarimeter with a cylindrical cell of 2 mm optical path length. All spectra were the average of five scans obtained by collecting data from 260 to 190 nm at 0.2 nm intervals. The measurements were carried out at 22 1C, unless otherwise specified. The background spectra were recorded in the same solvent without Trichokonin VI and then subtracted. The Trichokonin VI stock solution was 2 mM in methanol. The samples were prepared from stock solution with 10 mM phosphate-buffered saline (PBS).
Results and discussion
Purification of antimicrobial metabolites with gel filtration and HPLC
The antimicrobial metabolites were isolated from T. koningii SMF2 by a combination of gel filtration and HPLC (Fig. 1a) . The active fractions obtained following Pharmadex LH 20 column separation were used for further purification, as well as biological characterization. HPLC was used to isolate compounds in each fraction (Fig. 1a) , and fractions of each peak were collected for antimicrobial activity assays. It was shown that the well-purified components corresponding to peak 1, 2 and 3 had antimicrobial activities that probably played major roles in the initial inhibition test (Fig. 1b) . The retention time of peak 1, 2 and 3 was 25, 30 and 33 min, respectively.
Identification of the active metabolites by LC-ESI-MS/MS
LC-ESI-MS was used to identify the metabolites corresponding to peak 1, 2 and 3. When focused on peak 1, two Fig. 1. (a) Reverse phase HPLC profile. The partially purified Trichokonins was loaded onto a C18 reverse phase column and eluted as described in Materials and methods over a period of 50 min. The absorption was measured at 214 nm. Fractions that exhibited antimicrobial activity occurred at 25, 30 and 33 min (designated as peak 1, 2 and 3, respectively). (b) Agar disk diffusion assay demonstrating antimicrobial activity of peak 1, 2 and 3 purified by HPLC against the indicator strain Bacillus subtilis CGMCC 1.140. (1) H 2 O, (2) peak 1, (3) peak 2, (4) peak 3.
major ion peaks at m/z 775.8 and 1164.2 (Fig. 2a) were detected which could correspond to the two complementary parts [an N-terminal acylium ion N 1 and a diprotonate Cterminal ion (HC, H) 1 ] resulting from preferential breaking of Aib-Pro bond (Bruckner & Przybylski, 1984) . Therefore, the total molecular weight of the entire molecule was calculated by combining the two-acylium ion series, which gave 1936 Da corresponding to the ion peak appearing on the higher mass of the spectrum. In negative ionization mode, only one ion peak was detected at m/z 968.3. Incorporating with the results from 1Q model, this single ion peak resulted from double-charged ions. Both positive and negative ion models showed that the peak at m/z 1938 was the molecular ion peak.
LC/MS/MS analysis of the fragment, on a mass range of 0-1000 Da of acylium ion 1164.2 (Fig. 2b) , defined the Nterminal part and gave the ion sequence at m/z = 965, 909, 823, 724, 440, 355, 284 . The m/z losses calculated between two successive ions determined each consecutive aminoacid identity of the sequence that were considered to have been generated through successive losses of Leu, Gly, Aib, Val, Ala-Gln-Aib, Aib and Ala. Acylium ion 775.8 gave the ion sequence at m/z = 623, 495, 367, 282 (Fig. 2c) . The m/z losses calculated between two successive ions were considered to have been generated through successive losses of Aib, Gln, Gln and Phe. On the basis of spectral data and the literature survey the metabolite was identified as Trichokonin VI. Peak 2 and 3 were identified as Trichokonin VII and Trichokonin VIII in the same way (Huang et al., 1995; Landreau et al., 2002) . Trichokonin VI has been reported to be a potent agonist of L-type Ca 21 channels in cardiac membranes (Huang et al., 1994) .
Antimicrobial spectrum of Trichokonins
The antagonistic effect of the Trichokonins from T. koningii SMF2 on several standard strains and different phytopathogens was tested with the method described above. The active substances presented a broad-spectrum of action. They inhibited the growth of Gram-positive bacteria, yeasts and filamentous fungi tested in this study, but no activity could be detected against Gram-negative bacteria, including E. coli, P. aeruginosa and several Gram-negative phytopathogenic bacteria (Table 1) .
Trichokonins were able to inhibit the growth of Grampositive bacteria, being in agreement with previous observations (Bruckner & Graf, 1983; Jen et al., 1987; Goulard et al., 1995) . Their ability to inhibit a range of important plant pathogenic fungi, such as F. oxysporum, B. cinerea, R. solani and V. dahliae, make them good BCAs against phytopathogenic fungi. In a previous study, trichorzins and harzianins showed antifungal activity against S. cepivorum, while Boletusin 1, a peptaibol produced by Boletus spp. was inactive against filamentous fungi (Goulard et al., 1995; Lee et al., 1999) . Interestingly, the Trichokonins proved to be highly active against C. michiganensis ssp. michiganensis, one of the most virulent bacterial pathogens of a variety of plants of The antimicrobial level was estimated by measuring the size of the inhibition zone of the indicator strain. À , absence of inhibition; 1, zone of inhibition of 1-7 mm diameter; 11, zone of inhibition of 8-12 mm diameter, 111, zone of inhibition of 13-17 mm diameter. All values are averages of three determinations. LB, Luria-Bertani; PDA, potato dextrose agar.
agricultural importance including tomato, potato and maize (Meletzus & Eichenlaub, 1991) , suggesting the potential of this Trichoderma strain to control bacterial canker.
Effects of temperature, pH and proteolytic enzymes on the antimicrobial activity of Trichokonins
In order to determine the thermo-stability of Trichokonins, the antimicrobial activity of the Trichokonins was examined following exposure to a variety of different temperatures.
Trichokonins were shown to be heat resistant, being active at all tested temperatures, even after autoclaving. No loss in activity was noted after cold storage at 4 1C and À 20 1C or after lyophilization. In order to examine the pH stability of Trichokonins, their activity was assessed following incubation at different pH values. Trichokonins were shown to retain their biological activity within the pH range of 3.0-10.0. CD spectroscopy was used to monitor the conformational changes of Trichokonin VI at different temperatures and pH values further. CD spectra of Trichokonin VI in 10 mM PBS buffer (pH 7.4) were measured at different temperatures and in different pH values (PBS buffer) ranging from 6.0 to 8.0, respectively. CD spectra display two minima at 208 and 222 nm and a positive maximum near 194 nm characteristic of a-helical conformation. Increasing the temperature, CD spectra were obtained with reduced peak intensities, but no wavelength shift was found (Fig. 3a) . This indicates that the change was just owing to the transition of a-helix to 3 10 -helix or b-turn (Nguyen et al., 2003) . At different pH values, the secondary structure of Trichokonin VI was stable, no obvious changes of peak intensities and positions were found (Fig. 3b) . CD spectra of Trichokonin VI at different temperatures and pH values showed that the conformation was stable, which may explain the stability of the antimicrobial activities.
In order to establish the biological nature of Trichokonins, their sensitivity to proteolytic enzymes such as trypsin, neutral protease, basic protease or multiplex protease was examined. Trichokonins were shown insensitive to proteolytic enzymes and (most of) their antimicrobial activity was retained following exposure to different proteolytic enzymes.
The evaluation of the properties of the Trichokonins revealed that their antimicrobial activity was extremely stable. So Trichokonins have a great potential to be used in different agricultural ecosystems. Trichoderma koningii SMF2, as a potential BCA, is a good producer of both CWDEs and antibiotic compounds and can be used for biological control of both fungal and bacterial plant pathogens. The synergism between CWDEs and peptaibols may result in an increase in biocontrol activity.
Although production of antibiotics by Trichoderma involved in biocontrol is a well-documented phenomenon, clear identification and understanding of the role of antibiotics in disease control lags far behind that in bacteria and needs to be addressed (Whipps, 2001 ). Further research is needed to study the toxicity of Trichokonins and the mechanisms of their biocontrol activity against phytopathogens. 
